Abstract: Successful conservation of nontimber products and their rainforest habitats requires the identification of optimal harvest regimes, the accurate estimation of maximum harvest limits, and the implementation of those limits by local harvesters. We used a combination of participatory research techniques and demographic modeling to determine maximum sustainable harvest rates of the bromeliad
Introduction
In many parts of the world, human communities living in buffer zones or around nature reserves extract a large number of nontimber forest products ( NTFP ) for both trade and subsistence. An increasing number of reports have documented the overharvest of NTFP and its negative effects on plant and animal populations (e.g., Cunningham & Milton 1987; Vasquez & Gentry 1989; PinedoVasquez et al. 1992; O'Brien & Kinnaird 1996; Clay 1997 ) . Participatory research on establishing harvest limits for NTFP extracted from buffer zones may help ensure the conservation of overharvested NTFP and the integrity of the reserves. Participatory research involves the cooperation of local harvesters in a simultaneous research and education process. It can be a critical component of conservation efforts, because when NTFP species are overharvested in buffer-zone forests, harvesters often meet their economic needs by illegally harvesting them in the reserve.
Sustainable harvest regimes combined with forest cultivation can maximize yields in buffer zones and therefore decrease economic pressure for illegal harvesting in adjoining protected areas. Higher economic returns from nontimber extraction provide greater incentives for buffer-zone harvesters to maintain forest cover (e.g., Nepstad & Schwartzman 1992) , which decreases edge effects in the reserve. Still, forest cultivation may increase pressure on wild populations as vegetative propagules needed for cultivation are collected. There is therefore a great need to design novel and feasible sustainable harvest strategies for NTFP species.
At least three things are necessary to protect NTFP species from overharvest and for NTFP extraction in buffer zones to contribute to forest conservation: ( 1) identification of optimal harvest regimes, (2) accurate estimation of maximum harvest limits, and (3 ) implementation of those limits among local harvesters. The first and third tasks require the participation and cooperation of local harvesting communities. The accurate estimation of maximum harvest limits poses more technical problems. First, it necessitates a sound description of the effects of environmental variation on maximum sustainable harvest rates ( MSH ). Second, the methods used to estimate MSH must be validated.
The effects of environmental variation on MSH are far from completely described. For instance, we know of no studies that have examined how MSH for a given species may vary among forest types or ages. Likewise, although harvest regimes may vary greatly among cultures, regions, and even individual harvesters, few studies have simulated MSH for different harvest regimes ( Nantel et al. 1996 ) , and none that we know of have done so using empirically derived data.
The effects of year-to-year environmental variation on maximum sustainable harvest of NTFP have been examined through stochastic population projections based on transition matrices ( Nantel et al. 1996 ) . Stochastic and periodic population projections take into account some interannual variability in vital rates, such as mortality and fecundity, by including a number of different yearly matrices in the projections. Environmental variations may interact in various ways with the effects of harvest ( Nations & Boyce 1997 ) , and the annual rate of harvest itself may vary from year to year. For the two species they studied, Nantel et al. ( 1996 ) found that stochastic simulations predicted MSH to be much lower than those estimated under the assumption of a favorable and unchanging environment, but it remains unknown how this may apply to other NTFP.
More important, current methods for estimating maximum sustainable harvest for NTFP have not been validated. All reported studies have estimated MSH by describing the dynamics of unharvested populations and using matrix models to simulate increasing harvest rates (e.g. , Peters 1990; Charron & Gagnon 1991; Nantel et al. 1996; Ratsirarson et al. 1996; Bernal 1998) . The harvest rate at which the finite rate of population increase, , drops below one is the operational definition of the MSH. Most of these studies recognize that matrix models rely on a number of assumptions, in particular that population growth is independent of density. But because solving for is considered a good way of characterizing the present environment (Caswell 1989) , it has been assumed that this approach can provide a realistic assessment of MSH in the short term. In reality, harvest simulations with matrix-model projections based on unharvested populations have never been tested, and their accuracy remains unknown ( Boot & Gullison 1995 ) . We used data from harvested and unharvested populations of Aechmea magdalenae (Andre) Andre ex Baker to (1) examine the effects on MSH of three sources of variation, variation in forest age ( primary vs. secondary forests), variation among harvest regimes, and interannual envi-ronmental variation and (2) test the accuracy of estimating MSH from matrix-model projections of unharvested populations.
A. magdalenae , a typical NTFP species, is a clonal understory bromeliad harvested from the buffer zone of the Los Tuxtlas Biosphere Reserve in the state of Veracruz, Mexico. The strong, silky fiber extracted from its leaves is used to embroider expensive leather articles in an art known as el piteado. The ramets are also harvested for use in forest cultivation programs. Although nongovernmental and governmental agencies have been promoting the harvest of A. magdelanae as a strategy to encourage local harvesters to conserve the standing forest, the elevated economic value of A. magdalenae' s fiber has also resulted in high harvesting pressure on wild populations. The species, collected by local harvesters throughout southeastern Mexico and Guatemala, is reported to have disappeared from several regions due to overharvest ( Ticktin 2000) .
Specifically, our objectives were ( 1) to compare the MSH of A. magdelanae ramets from primary and secondary forest populations; (2) to compare the MSH of A. magdelanae populations under two different local fiberharvest regimes; (3) to compare the MSH calculated from time-invariant models with MSH simulations that include year-to-year variation in vital rates; and (4 ) to test the accuracy of MSH estimates based on the dynamics of unharvested populations.
Methods

Species and Study Area
A. magdalenae is a terrestrial bromeliad with long, spiny leaves up to 3 m in length. It is monocarpic and found in dense and usually monospecific patches along streams, in swampy areas, and on hillsides in humid Neotropical rainforests from Mexico to Ecuador (Croat 1978) .
In the communities along the eastern coastal plain of the buffer zone of the Los Tuxtlas Biosphere Reserve, harvesters extract A. magdalenae from lowland regions (0-800 m ) of humid, tropical rainforest dominated by Terminalia amazonica, Brosimium alicastrum , and Dialium guianense. The average annual temperature of this region is 25 Њ C, and average precipitation is about 2700 mm. There is a heavy rainy season from May to October and a short dry season from March to May.
In the buffer zone of Los Tuxtlas Biosphere Reserve, A. magdalenae populations are subject to four harvest regimes: ( 1) ramet harvest ( RH ) in primary forest, (2) RH in secondary forest, (3) combined leaf harvest and ramet harvest ( LRH ) in primary forest, and (4) combined adultplant harvest and ramet harvest ( PRH ) in primary forest. There are also some populations that have not been harvested. The ramets harvested from all populations are Ͻ 120 cm wide and are used to initiate A. magdalenae plantations in new areas of forest. This form of extraction has been practiced only over the past 5 years, starting when cultivation of A. magdalenae was first promoted by regional conservation organizations. Populations harvested for only ramets are often young and have regenerated after fire, with few plants large enough to be harvested for their fiber.
The LRH and PRH are two different harvest regimes used to obtain the long, fiber-containing leaves. In LRH populations, harvesters cut the longest leaves off the plant with a machete and leave the individual to regenerate until its new leaves reach harvestable length (160 cm long). In PRH populations, harvesters extract entire adult plants by cutting the plant at the base. This regime, which kills the plant, is quicker and easier than the LRH regime and has been practiced only as a result of the high demand for A. magdalenae from the piteado industry.
Matrix Construction
Prior to initiating harvesting simulations, we carried out some analyses and comparisons of transition matrices for harvested and unharvested A. magdalenae populations ( Ticktin 2000) . We recorded the dynamics of three populations for each harvest regime. For each population, all A. magdalenae plants within an area of 4 ϫ 10-20 m were labeled with aluminum tags and mapped. This corresponded to approximately 100 plants per population. All labeled plants were surveyed biannually for plant width, which was measured in two directions: the distance between the tip of one of the outermost leaves to the tip of the longest leaf that lay at 180 Њ to it, and the distance between the two longest leaves that lay at 90 Њ to those. All plots were established between September 1996 and March 1997 and were surveyed every 6 months until September 1999.
Our basic matrix model consisted of a population divided into stage classes and a matrix of transition probabilities from one class to another across one time interval ( Lefkovitch 1965 ) . Multiplication of the transition matrix by an initial population at time t results in a column vector representing the population size and stage structure at time t ϩ 1. Repeated multiplication of the matrix by the column vector will eventually produce lambda ( ), the dominant latent root of the matrix, and the roots-associated left and right eigenvectors. Any initial population described by a transition matrix when projected to its stable stage distribution will increase by the value during each time interval. Lambda is equal to e r , the finite rate of increase of a population. To establish stage classes, we combined reproductive criteria with size criteria (following Horvitz & Schmenske 1995) because reproduction and vegetative propagation were found to vary significantly with size. We estimated size by measuring plant width because this was the best predictor of total leaf area ( r 2 ϭ 0.84, n ϭ 40). Within reproductive (including vegetative propagation) categories, stages were divided according to the algorithm proposed by Vandermeer (1978) , which minimizes both sample and distribution errors. Ramets connected to mother plants were put in separate classes from disconnected ramets because they had different rates of survival and growth.
A. magdalenae genets could not be distinguished visually and matrix model analysis was performed on the ramets, which have independent transition probabilities and should therefore be regarded as demographically relevant. Transition matrices were built by following the fate of stage-classified plants over 1-year periods. That is, we recorded the number of plants that grew to a larger stage class, regressed to a lower stage class, stayed in the same stage class, or died. We also summed the number of new ramets of a given stage class so that we could calculate rates of vegetative propagation. The transition matrices therefore combined the proportion of plants that were in state i at time t and had the fate j at time t ϩ 1 with the rates of vegetative division in each class.
We summed the transitions of the plants from the three plots per harvest type to build the annual matrices ( Ticktin 2000; Appendix) . Matrices were solved for by the power method (Caswell 1989 ) in Microsoft Excel spreadsheets.
Quantification of Harvest Rates
To integrate the harvesting community into the research process and to accurately document and quantify the rates and patterns of harvest in each population and under each harvest regime, we used participatory research methods. Harvesters were involved in all stages of the research, from ideas for experiments to data collection, interpretation, and dissemination of results ( Ticktin 2000) .
Harvesters kept a record of all ramets, leaves, and adult plants harvested in RH, LRH, and PRH populations. In LRH transects, the number, length, and width of all leaves were recorded for each plant before and after harvest. To ensure that records of ramet harvest were accurate, we visited all populations biweekly and marked all the newly emerged ramets. This allowed us to account for ramets that may have been stolen and therefore gone unrecorded. Harvesters also noted the date of harvest and the spatial pattern of harvest by recording the exact location of every harvested plant on population maps we provided for them.
Data Analysis and Modeling
We estimated the maximum sustainable harvest for A. magdalenae populations under each harvest regime based on ( 1 ) deterministic population projections and (2) periodic and stochastic projections. We used different approaches depending on whether the transition matrices were built from survey data and harvest records of harvested populations or from survey data of unharvested control populations ( Table 1 ). All simulations were run with macros and worksheets designed and programmed by P.N. on Microsoft Excel.
Estimation of Maximum Sustainable Harvest with Average Matrices
For ramet-harvest populations in primary and in secondary forests and for unharvested populations, transition coefficients were averaged across periods to give one matrix per harvest regime. We documented two transition periods involving harvests documented for RH populations in both primary and secondary forests and two transition periods for the control population. The transition coefficients were averaged to incorporate temporal heterogeneity so that we could compare the MSH values obtained by this method with those obtained with stochastic and periodic simulations that were based on annual matrices. The MSH of ramets was estimated by simulating postreproductive harvests of the ramet stage classes with the following equation (Getz & Haight 1989) :
For each simulated year ( t ), the vector N ( t ϩ 1) contained the projected number of individuals per stage class after harvest, vector N ( t ) contained the number of individuals per stage class before harvest, the transition matrix A described the fates (with or without harvest, depending on the population surveyed ) of all stage classes, and the vector h s a 1 N( t ) represented the number of ramets harvested per stage class for year t . The simulated harvest rate, a 1 h s , was calculated as the proportion of harvested ramets relative to the total number of ramets before harvest ( h s ), multiplied by the proportion of harvestable ramets in each stage class (vector a 1 ). Values of a 1 were kept constant through time and were equal to {0, 1, 1, 1, 0.4, 0, 0} because all plants in stage-classes 2-4 were harvestable ramets, 40% of plants in stage-class 5 were of harvestable size ( Ͻ 120 cm width), and no plants in stage-classes 1, 6, and 7 were harvestable ramets.
The values for h s ranged from 0 (no ramet harvested ) to 1 (all ramets harvested ), and for each h , we computed a value after running equation 1 over 50 years (i.e., as N (49)/ N (50)). This resulted in a declining series of values as the harvest rate was increased. For all the harvest regimes, MSH was calculated as the rate of harvest at which the values dropped below 1.0 ( Peters 1990) .
We used jack-knife resampling (Caswell 1989 ) to estimate 95% confidence intervals for the values obtained when h s ϭ 0. We then obtained the confidence intervals for MSH by plotting the values versus the simulated harvest rates a 1 h s and determining the harvest rates that corresponded to the value's outer confidence limits. 
Values of h s , the proportion of harvested ramets relative to their number before harvest, were allowed to vary from 0 (no harvest) to 1 ( harvest of all ramets). Vector leaf-harvested
Effect of leaf harvest was accounted for (empirically) in matrix A.
adult plants and ramets control 
Matrices A t empirically accounted for ramet harvest. For each simulated year, the model first put the harvested ramets back in the population before simulating the harvest and never harvested more ramets than there actually were in each stage class.
leaves and ramets control N(t ϩ 1)
Stochastic and periodic projections used three matrices: two from leaf-harvest periods separated by one from a nonharvest period.
adult plants and ramets control This method assumes a constant jack-knife variance of values across harvest rates. Throughout, we use the term post-reproductive to refer to production of ramets. Our models did not include reproduction by seeds, because we did not observe flowering in any of the populations over the 3-year study. Demographic analyses of flowering populations indicate, however, that sexual reproduction probably plays a minor role in the population dynamics of this species ( Villegas 1997 ). Harvesting of ramets was assumed to be postreproductive because most ramets were collected in one event per year, just after the wet season when ramet production was highest and several months after the populations had been surveyed ( Ticktin 2000) .
Concurrent Harvest of Leaves and Ramets
In LRH populations, leaves were collected at the time of, or just after, our surveys. Once every 1.5-2 years, all leaves of commercial value ( Ͼ160 cm long) were collected from all plants with a width of Ͼ230 cm. We considered this to be the maximum rate of leaf harvest, because harvesters never collected leaves without commercial value. The MSH for concurrent leaf and ramet harvest was therefore simulated in LRH populations by increasing the rate of ramet harvest only (the harvest rate of leaves was kept constant at the empirical value).
To estimate MSH for concurrent leaf and ramet harvest with data from the unharvested populations, we used two methods to estimate the effect of leaf harvest on the fates of plants. For the first method, hereafter referred to as the "size" method, we assumed the fates of leaf-harvested plants to be the same as those of unharvested plants of equal size. Simulations were run so that after leaf harvest 55% of all leaf-harvested plants went into the adult 2 stage class and 45% of them went into the adult 1 stage-class. These transition coefficients were obtained by measuring the length and width of 110 plants immediately after their leaves had been collected. For the second method, hereafter referred to as the "experimental" method, we assumed the fates of leaf-harvested plants to be the same as those of plants experimentally defoliated and monitored outside the surveyed portion of the population ( Ticktin 2000) .
Concurrent Harvest of Whole Adult Plants and Ramets
In PRH populations, all plants with more than four leaves of commercial value were harvested. This resulted in removal from the surveyed populations of all plants with a width of Ͼ260 cm. As in the case of LRH populations, this rate of adult plant harvest was assumed to be the maximum. Harvests were usually carried out during one event about every 2 years, but they could have been less frequent depending on how fast the harvested plants were replaced through natural regeneration. We simulated the concurrent harvest of adult plants and ramets using survey data from the PRH populations. We kept the adult-plant harvest rate constant (at the recorded empirical value) and increased the rate of ramet harvest until values fell below 1.
We considered the harvest of adult plants to be prereproductive because plants were collected immediately after the surveys, before they could have contributed to population growth. Therefore, our simulations based on data from unharvested populations assumed pre-reproductive harvests for adult plants and post-reproductive harvest for ramets. We used the following equation to run the simulation: (2) where vector a 2 had non-zero values only for adult stage classes, h a was the harvest rate observed in harvested populations, vector a 1 had the same values as in equation 1, and h s was allowed to vary from 0 to 1.
Estimation of Maximum Sustainable Harvest with Periodic and Stochastic Matrices
For each harvest regime, we also estimated maximum sustainable harvest with variable transition matrices using ( 1) periodic series of yearly matrices alternating in the same order in which they were observed and (2) stochastic series consisting of the random alternation of the same yearly matrices. These projections assumed that the mean and variance of each transition coefficient in a limited set of matrices were representative of their mean and variance in a much larger set (Nantel et al. 1996 ) . The mean growth rate, , was defined as the slope of the regression of log 10 ( N( t )) against time after 100 simulated years, following Nantel et al. ( 1996 ) . This number of iterations gave stable . A series of annual (t ) values, computed as N(t ϩ 1)/N(t ), was also calculated. We computed the variance of (t ) and associated 95% confidence intervals using the standard formulas for random variables as rough estimates of the true confidence intervals for . We estimated confidence limits for MSH by determining the harvest rates that corresponded to the outer confidence intervals for the values.
For unharvested populations, we ran stochastic and periodic simulations with two yearly matrices. We used these to simulate the MSH for harvests of (1) ramets only, (2) leaves and ramets, and (3) adult plants and ramets. We carried out stochastic and periodic projections by projecting the equation for the post-reproductive harvest of ramets through time:
The difference between equations 1 and 3 is that in equation 3 the transition matrix A t varied for each simulated year and was drawn from either a periodic or a random series of transition matrices.
The stochastic and periodic projections for RH populations in primary and secondary forests were run with transition matrices from three different transition periods. Harvest intensity varied over these periods, so to keep the harvest rate constant among simulated years, for each iteration we used a model that first put the harvested ramets back into the population and then simulated harvest. We did this by running the following equation over time: (4) This model never permitted the harvest of more ramets than there were in each stage class. We calculated the number of ramets actually harvested in each stage class at time t was by multiplying the number of harvestable ramets (aN(t ), as in equation 1) by the actual harvest rate h a . The h a was a fixed parameter associated with each yearly transition matrix, whereas h s was the simulated harvest rate. Both parameters ranged from 0 (no ramets harvested ) to 1 (all ramets harvested ) and were computed as the proportion of ramets harvested relative to the total number of ramets in the previous survey.
For the LRH populations, stochastic and periodic projections were run with three matrices: two from leaf harvest periods, separated by one from an unharvested period. For the PRH populations, only two matrices were available: one for a harvest period and one for a nonharvest period (fire destroyed two of the three populations after the second year of monitoring). In both LRH and PRH populations, the periodic alternation of matrices simulated biennial harvests of adult plants and leaves, respectively, and we used equation 3 to simulate an annual harvest of ramets. Because harvests of adult plants were biennial, only periodic projections were run for PH populations.
Projections of Fiber Yield
To assess the economic implications of different harvest regimes for local harvesters, we used periodic simulations to estimate maximum fiber yields for both PRH and LRH harvests over 5 years (three harvests). These populations were harvested biennually at their maximum rates of leaf or plant harvest and had a similar annual ramet harvest rate of about 25%. We estimated yield by multiplying the number of harvestable plants in the projected population structures by the average fiber yield per plant, as calculated by T.T. ( Ticktin 2000) . Leaf yield was assumed to remain stable over the three consecutive harvests, given that experimental harvests showed that it did not decrease from the first to second harvest ( Ticktin 2000) .
We also compared estimates of maximum fiber yields obtained from simulations based on data from unharvested populations with those based on data from harvested populations. To do so, we repeated the same method we used
= to calculate yields in the harvested populations, but the projected population structure was obtained with a periodic projection of matrices from the unharvested populations that were simulated for the MSH of leaves and plants and calculated yields as above.
Results
Maximum Sustainable Rates of Ramet Harvest
The average transition matrix of the RH primary-forest populations had a ϭ 1.000. The average harvest rate of these populations over the 3-year period was about 38%, so we considered this the MSH for ramets of RH primary forest populations ( Table 2 ). When ramet harvest was simulated from the unharvested populations, the MSH was predicted to be only 22%. When the 95% confidence intervals of the value for the RH population were taken into account, the two values were not significantly different. The stochastic and periodic simulations did not differ from each other, and although the MSH they predicted was about 15% higher than that of the average matrix, the values were not significantly different. Likewise, MSH calculated from the stochastic, periodic, and average projections that simulated ramet harvest using the unharvested population matrix showed no significant differences. The MSH of the RH secondary forest populations was more than twice that of the RH primary forests: 100% of the harvestable ramets could be sustainably harvested according to average, periodic, and stochastic simulations ( Table 2) .
Maximum Sustainable Rates of Concurrent Leaf and Ramet Harvest
Leaf harvest was already at its maximum in LRH populations because we considered the maximum rate equal to the harvest of all leaves with commercial value. For all populations and projections, the MSH of leaves was 100% of individuals of Ͼ230 cm width. For these individuals, harvest implies that 75% of the total leaves are removed. The MSH for concurrent leaf and ramet harvest based on the average matrix for LRH populations was estimated as 100% harvest of ramets ( Table 3) . This is about twice the MSH of ramets calculated from the RH populations in primary forests ( Fig. 1) . Periodic and stochastic simulations of LRH matrices showed that the MSH of ramets combined with a biennial leaf harvest ranged from 80% to 100%.
The simulation of concurrent leaf and ramet harvest with the unharvested population matrix by the experimental method gave MSH estimates that were closer to empirical values than those of the size method ( Table 3) . Although both methods predicted that there could be additional ramet harvest on top of maximum levels of leaf harvest, the maximum additional ramet harvest determined by the experimental method was more than twice that determined by the size method. Simulations with average, periodic, and stochastic projections from the size method predicted a 10-15% MSH of additional ramets. The experimental method predicted the MSH of additional ramets to be about 20-35% with the periodic and stochastic simulations. These were slightly higher than the value predicted from the average matrix, but not significantly different.
Maximum Sustainable Rates of Adult and Ramet Harvest
As was the case with leaf harvest, plant harvest was already at its maximum in PRH populations, because we considered the maximum rate equal to the harvest of all plants with commercial value (plants Ͼ260 cm width). The MSH for concurrent plant and ramet harvest in the PRH populations was estimated to be all plants of commercial value and about 40% of ramets ( Table 4 ) . Periodic simulations of biennial plant harvests yielded similar results.
Simulations of concurrent adult plant and ramet harvest based on the dynamics of unharvested populations predicted that those populations could not withstand the rates of harvest currently found in the PRH populations ( Table 4 ). The MSH was estimated at about 60% of plants with commercial value with no additional ramet harvest ( ϭ 1 for this rate of plant harvest). This was true for simulations with the average matrix and for periodic and stochastic simulations.
Projections of Fiber Yield
The periodic projections of LRH and PRH matrices that simulated biennial leaf and adult plant harvests, respectively, showed that over 5 years (or three fiber harvests) LRH populations would yield about 1.5 times as much fiber as the PRH populations at MSH (Fig. 2) . Similarly, leaf and plant harvests that were simulated with the unharvested populations predicted that leaf harvest would yield about 1.5 times as much fiber as adult plant harvest. However, leaf harvest simulations of the unharvested populations predicted a fiber yield that was only 68% of that predicted by simulations with the LRH populations. Likewise, simulations of adult plant harvest with the unharvested populations showed a fiber yield that was only 71% of that predicted from projections of the PRH populations.
Discussion
In the buffer-zone communities of nature reserves, the implementation of participatory research projects to identify harvest regimes that yield high maximum sustainable harvests can decrease economic pressure for illegal harvesting of these resources within reserves and contribute to conservation initiatives in the buffer zone itself.
Maximum Rates of Ramet Harvest in Primary versus Secondary Forests
Our harvest simulations showed that the RH populations of A. magdalenae in primary forests were able to tolerate an MSH of about 40% on average. The average MSH roughly matches the actual average harvest rate of the populations over a period of 3 years. We cannot tell how this value compares with other understory species because we could not find information on any other species in which only the smallest stage classes are harvested. This kind of information will become particularly relevant as supplemental cultivation becomes a necessity for many economically important nontimber forest products whose wild populations are being depleted (e.g., Gunatilleke et al. 1993; Mont et al. 1994 ) . Establishing harvest limits for wild populations is important even when the species is cultivated because harvesters who do not have access to land for cultivation will continue to exploit wild populations.
The MSH of ramets in the RH secondary-forest populations was twice that of the primary-forest populations because of the higher rates of population growth in the secondary forests ( Ticktin 2000) . Although population growth rates for other nontimber forest products have not been compared in different forest types, for some understory species population growth is higher in light gaps than under the forest canopy (e.g., Horvitz & Schemske 1986; Valverde & Silvertown 1997 ) . For those nontimber forest products able to grow under secondary-forest conditions, extraction in secondary forests can act as a powerful tool for reducing pressure on primary forests and for increasing the economic returns of harvesters. In the Los Tuxtlas buffer zone, this strategy has served as an incentive to conserve secondary forests that are under threat of conversion to cattle pastures. In the case of A. magdalenae in particular, management options such as trimming of the overstory in primary forests or thinning of adult plants to increase incipient light can help prevent overharvesting in primary-forest populations. Alternatively, ramets thinned from primary-forest populations could be transplanted to secondary forests to initiate populations. These practices have now been implemented in buffer-zone communities.
Maximum Rates of Harvest for Leaf-and-Ramet versus Plant-and-Ramet Harvest Regimes
Although LRH and PRH populations were harvested for all commercially valuable leaves, populations subject to both types of harvest continue to increase in size ( Ticktin 2000) . For LRH populations, the harvest rate was equal to 75% defoliation of all harvest-sized plants, a value much higher than the maximum 25% defoliation rate predicted from an experimental harvest of the tropical palm Neodypsis decaryi ( Ratsirarson et al. 1996 ) . N. decaryi is the only species for which a maximum leaf harvest rate has been proposed in the literature. Because the dynamics of leaf-harvested populations of N. decaryi were not measured, however, it is difficult to draw any conclusions about the large difference in MSH between these two species.
For the PRH populations, about 10% of the total population was harvested. Northern populations of temperate understory herbs, such as Panax quinquefolius and Allium tricoccum, which also depend on adult survival for population maintenance, are able to withstand wholeplant harvests of 6-8% of harvestable plants (Charron & Gagnon 1991; Nault & Gagnon 1993; Nantel et al. 1996 ) .
The MSH simulations in LRH populations predicted that, on top of leaf harvest, 100% of harvestable ramets could also be sustainably harvested. This is about twice as high as the MSH of ramets in the RH primary-forest populations. That is, defoliated populations actually permitted higher rates of ramet harvest than populations with leaves. Leaf harvest appears to allow for increased survival of ramets, probably due to the increased light ( Ticktin 2000) .
Harvest simulations also showed that the PRH populations could tolerate only about one-third the quantity of ramets that could be harvested in LRH populations. The harvest of adults makes the growth of PRH populations more dependent on regeneration and therefore more susceptible to overharvest of ramets. The PRH regime therefore poses a high risk for A. magdalenae because any increase in ramet harvest could result in population decline. Indeed local extinctions after PRH harvest have been reported in several regions of Mexico and Guatemala ( Ticktin 2000) . Moreover, projections of maximum fiber yields showed that adult plant harvest yielded about 35% less fiber than leaf harvest.
Stochastic versus Periodic and Deterministic Simulations
Stochastic projections may differ from average matrices when temporal variation is high because increased variation produces lower growth rates ( Nations & Boyce 1997 ) . In a study of the harvest of ginseng and wild leek, Nantel et al. ( 1996 ) found that stochastic simulations predicted maximum sustainable harvests that were three and two times lower, respectively, than those predicted by the best period matrices. For all types of A. magdalenae harvest we evaluated, the maximum sustainable harvests obtained from the stochastic projections did not differ significantly from those obtained from deterministic projections with average matrices. Given that climatic conditions varied substantially over the study period ( in one there was an El Niño event), it appears that A. magdalenae populations may have exhibited little temporal stochasticity because the vital rates of A. magdalenae plants were robust to changing environmental conditions.
Harvest simulations of periodic and stochastic matrices showed almost no differences in their predictions of MSH. Silva et al. (1991) found similar results for tropical savannah grasses. Again, this is likely to be the case when there is little temporal variation in vital rates.
Accuracy of Maximum Sustainable Harvest Estimates Obtained from Unharvested Populations
All published studies to our knowledge that have attempted to estimate maximum rates of harvest for nontimber forest products have simulated harvests with matrix-model projections of unharvested populations (e.g. , Peters 1990; Charron & Gagnon 1991; Nantel et al. 1996; Ratsirarson et al. 1996; Bernal 1998) . Our results, however, showed that this me-thod can lead to highly inaccurate results: stochastic, periodic, and average projections based on data from unharvested populations consistently and significantly underestimated A. magdalenae's tolerance to harvest in each of the four different harvest regimes we examined. The maximum sustainable harvests estimated from the unharvested populations for concurrent leaf and ramet harvest and concurrent plant and ramet harvest were significantly less than the current rates of harvest found in the LRH and PRH populations, respectively, yet both LRH and PRH populations appeared to be increasing ( Ͼ1).
The matrix-model projections of A. magdalenae's unharvested populations lacked predictive ability largely because they did not include density dependence or any possible stimulating effect of harvest. The lower density of the RH, LRH, and PRH conditions stimulate significantly higher rates of survival and growth of ramets and small adults ( Ticktin 2000 ) and therefore allow higher rates of harvest. This type of density dependence appears to be common in clonal species, including some tropical understory plants growing at high densities (e.g., MartinezRamos et al. 1988; Condit et al. 1994 ) . The inaccuracy of MSH estimates based on density-independent models of unharvested populations becomes particularly relevant when one considers that many nontimber forest products, and the majority of these products for which MSH has been calculated, occur in dense stands (e.g., Peters 1990; Nault & Gagnon 1993; Nantel et al. 1996; Bernal 1998) .
Effect on Conservation of A. magdalenae Populations and Habitat
The underestimation of inaccurate MSH can be detrimental to conservation efforts. Unharvested A. magdelanae populations predicted maximum fiber yield for both LRH and PRH regimes that were about 30% less than those calculated from harvested populations. Low MSH translates into low economic returns for harvesters, who are therefore more likely to abandon the harvest of nontimber forest products for more lucrative but destructive land-use practices.
Aside from density dependence, factors such as variation in physiological responses to leaf loss (e.g. Whitham et al. 1991) , effects of the spatial patterning of harvest ( Ticktin 2000) , and ecological differences between harvested and unharvested sites can also cause matrix projections of unharvested populations to yield inaccurate estimates of MSH. Although the assessment of harvests of nontimber forest products often requires the use of minimal resources, incorporating these factors into matrix projections necessitates large amounts of data. We therefore suggest that MSH be estimated from analyses of the dynamics of harvested populations and coupled with precise knowledge of harvesting rates and patterns. The latter requires the use of participatory research techniques and can include experimental manipulation by harvesters.
In our study, the use of participatory research had direct implications for the conservation of A. magdelanae and its surrounding forest ( Ticktin 2000) . For example, participation in the project enabled harvesters to accept the harvest limits determined in the study to be valid. Harvesters adopted the management plan that came out of the study and switched from the PRH to the LRH regime when they saw that it was more economically profitable over the long term. These populations are still monitored by the harvesters. Another result was that the main harvester community with whom we worked passed a local law prohibiting the destruction of primary forest due to its potential as A. magdelanae habitat. This forest was under high pressure to be cleared for cattle grazing.
Conclusions
The estimates of maximum sustainable harvest in our study are subject to the shortcomings of matrix-model projections based on a limited number of individuals and followed over a relatively short time span ( Bierzychudek 1999) . Although long-term monitoring will be essential for the validation of matrix projections, in the meantime we must be able to estimate MSH with the short-term data available. At the least, our results suggest that MSH may vary greatly with local harvest regime and can be more accurately estimated from harvested populations. This knowledge is fundamental to effective conservation of nontimber species and their habitat.
